Abstract: Arterial characterization of healthy descending thoracic aorta (DTA) is indispensable in determining stress distributions across wall thickness and different regions that may be responsible for aorta inhomogeneous dilation, rupture, and dissection when aneurysm occurs. Few studies have shown the inhomogeneity of DTA along the aorta tree considering changes in circumferential direction. The present study aims to clarify the circumferential regional characterization of DTA. Porcine DTA tissues were tested according to region and orientation using uniaxial tension.
Introduction
Thoracic aortic aneurysm (TAA) is a prevalent and deadly disease with an incidence of approximately 10.4 per 100,000 individuals (Ramanath et al., 2009) . It is a silent disease, owing to TAAs normally grow in an indolent manner until dissection or rupture occurs (Elefteriades et al., 2010) . The descending thoracic aorta (DTA) has complex geometric, microstructural, and hemodynamic characteristics. Atherosclerosis, aneurysm, and dissection may occur in this part of the aorta. The occurrence, development, and pathological changes of these vascular diseases are closely related to the geometrical morphology and microstructure of blood vessels. The aforementioned diseases also interact with the mechanical properties and hemodynamic characteristics of the vascular wall (Tang and Li, 2016; Tang and Li, 2018; Yanxia et al. 2017 ).
Therefore, systematically studying the geometrical morphology and mechanical properties of DTA is necessary for the clinical diagnosis and treatment of aortic disease.
The aorta is composed of intima, media, and adventitia. The aortic passive mechanical behavior is determined mainly by elastin and collagen fibers (Hwl et al., 2018) . Previous experimental studies have demonstrated that the arterial tissue is an anisotropic material with nonlinear characteristics. Arterial biomechanics along the axis have been intensively studied. The aortic stiffness is considered to increase away from heart (Han et al., 1995; Kim and Baeck, 2011; Peña et al., 2015) . This mechanical behavior change may be due to distal increase in the ratio of collagen to elastin content (Roveri et al., 2010; Sokolis et al., 2008) . The wall thickness and diameter also decrease from proximal to distal DTA. Although regional studies for the ascending aorta has been intensively studied (Choudhury et al., 2009; Sokolis et al., 2015; Iliopoulos et al., 2009) , few experimental studies have been conducted on circumferential variations in the mechanical behavior of DTA. Kim and Baeck (2011) investigated porcine proximal DTA through inflation test and found that the circumferential stiffness of the posterior 26 LINGFENG CHEN et al.
region was significantly higher than that of the anterior region. Kermani et al. (2016) studied the inhomogeneity of porcine DTA through nanoindentation test and showed that the posterior quadrant is the most compliant quadrant in long indentation. Both these previous studies showed that the aortic wall thickness changed gradually along the circumference, where the anterior region was the thickest and the posterior region was the thinnest. Therefore, systematic mechanical properties and microstructural features of DTA along its circumference need further investigation.
Various tests (e.g. uniaxial and biaxial tensile, inflation, nanoindentation, and non-invasive ultrasonic image tests) have been conducted to study the biomechanics of the arterial wall (Peña et al., 2015; Sokolis et al., 2012) ; Kim and Baeck, 2011; Kermani et al., 2016; Shcherbakova et al., 2014) . However, the results of previous studies were inconsistent probably because of different research methods used, different regions examined, or variations of residual stress. In the present study, we performed an uniaxial extension test to investigate the mechanical behavior of the regional porcine DTA under relatively large loads. Compared with other test methods, uniaxial extension tests perform better in the supra-physiological loading domain. Using uniaxial extension tests, meaningful results can be obtained (Holzapfel et al., 2005) . Owing to their simplicity and effectiveness, uniaxial extension tests are widely employed to study relevant mechanical issues (Peña et al., 2015; Qiang et al., 2016) .
To clarify the circumferential regional characterization of DTA, porcine DTAs were divided into 16 regions, i.e., 4 axial and 4 circumferential. The maximum physiological stiffness and the stiffness by elastin and collagen were determined through uniaxial tensile tests in both axial and circumferential directions. Finally, Fung-type material parameters for all the regional mean curves were fitted and given. Several conclusions can be drawn from the test results and used as a reference to improve the FEM model of DTA and predict the dilation-prone locations.
Material and Methods

Specimen collection and initial processing
Fifteen DTAs of five-month-old pigs were harvested from a local slaughterhouse and immediately stored in an ice-filled box for transport. Among these DTAs, 9 were set aside for the axial test and 6 for the circumferential test. All samples were frozen in physiological solution at -20°C until experimental testing. Excess tissues were removed mechanically from these specimens. To study the differences between regions, the DTAs were divided into 16 parts, i.e. 4 parts for longitudinal/ axial direction: proximal, middle proximal (mid-proximal), middle distal (mid-distal), and distal. Each part was subdivided into four segments: anterior, left, posterior, and right ( Fig. 1) .
Specimen preparation
Axial samples were punched by a standard dog-bone model (4 mm wide and 25 mm long). Circumferential samples with mean width and long of 3.22±0.29 mm and 12.35±1.71 mm were tested. The thickness of the specimen was measured by a laser displacement sensor (LK-G5000 series, 0.0001 mm resolution). Two hundred and forty samples with a mean thickness of 1.81±0.39 mm were finally tested. 
Mechanical testing
An Instron 5544 tester (with a 5N-load cell) was used to conduct uniaxial tests. The corresponding resolutions of force and displacement were 0.001 N and 0.001 mm, respectively. Prior to the test, sandpaper was glued to the ends of clamps to prevent slippage. The axial strains of dog-bone-shaped samples were measured using a digital image correlation system equipped with a high-performance digital camera (Fujinon HF25HA-1B, 1.5 million pixels). The axial strains of the rectangular samples were measured using a built-in displacement sensor. An ultrasonic humidifier was used to keep the specimens wet during the test. Following previous research (Peña et al., 2015) , we assumed that the axial prestretch of the proximal and distal thoracic aorta were 1.21 and 1.43, respectively. To eliminate the hysteresis effect of biological tissues and obtain the repeatable stress-strain curves, the tests were applied by preliminary cycles under quasi-static conditions with 3 mm/min displacement rate. The proximal and distal specimens were preconditioned for 4 cycles at 21% and 43% stretch, respectively. The midproximal and mid-distal specimens were preconditioned for 4 cycles at the mean load for each specimen. The mean load was calculated by the measurement results under 0.21 stretch of the proximal specimen and 0.43 stretch of the distal specimen. All the circumferential specimens were preconditioned at 0.1 MPa stress for 4 times. Following preconditioning, another loading (with 3 mm/min displacement rate) was conducted to rupture the specimens or reach the limit load.
The Cauchy stresses were determined as where θ and z mean circumferential and axial directions. Force is the load registered by the Instron machine. Thickness and width are the initial thickness and width, respectively, while λ is the stretch ratio. To minimize the impact of thickness on testing, we chose the area with small thickness change as the research object. When measuring the thickness, the average thickness is calculated by the selected effective measuring area of the specimen. The thickness of the clamped part did not participate in the calculation of stress.
Data analysis
To study the stress-stretch curves, including high-stress range, we considered a mathematical model introduced by Raghavan et al. 1996 . The relationship between stretch and stress can be expressed as
The maximum modulus at physiological limits was also considered. The stiffness at 0.1MPa (Sokolis 2007 ) was calculated as tangent modulus:
Furthermore, we considered the Fung-type strain energy function (SEF) for describing the regional characters (Fung et al., 1993) . The mean stress-stretch curves were fitted, assumed that the material is incompressible, homogeneous, nonlinear, and anisotropic:
w h e r e 2 1 / 2( 1)
w h e r e t h e circumferential and axial Green strains. Material constant K 1 (stress units, the superscript 1 for distinguishing the former K) served as scaling factor, whereas constants c θθ , zz c , and z c θ (unitless) denoted circumferential stiffness, axial stiffness, and stiffness interaction between the two axes. The Cauchy stress were defined as
For this SEF, the specific fitting method and the calculation method for root-mean-square error ε and determination coefficient were followed by Iliopoulos et al. (2013) . The fitting method was validated by Sokolis et al., 2012 . The fitting of the experimental data was developed by using a Levenberg-Marquardt type minimization algorithm.
ε ≤
is representing a good fit to the experimental data.
In this study, data under the 1.6 stretch for axial specimens and under the 1.8 stretch for circumferential specimens were used in the analysis.
Results are given as mean ± standard deviation (SD). The groups were compared by one-way ANOVA followed by Turkey test and multiple comparisons followed by Newman-Keuls multiple comparisons test using SPSS v17.0 (SPSS Inc). p<0.05 was considered statistically significant.
Results
Inner diameter and thickness
The mean thickness and inner diameter decrease away from the heart (Fig. 3) . The statistical analysis revealed significant differences between the values of proximal DTA and distal DTA (p<0.01). The wall thickness changed gradually along the circumference (Fig. 3b) . The anterior wall was the thickest and the posterior wall was the thinnest.
Mechanical testing and data fitting
The axial and circumferential mean stress-stretch curves for the four circumferential regions along the aorta are shown in Figs. 4 and 5, respectively. All the tissues exhibit a pronounced nonlinear mechanical response. In the lowstress range, the stress-stretch response for each region where ε is the strain, λ is the stretch ratio, σ is the stress resulting from the applied uniaxial tension; and K, A, and B are model parameters. K is the reverse of the maximum modulus of the tissue, A is the recruitment parameter, and B is the value of stress at the intersection of the lines defined by initial and maximum moduli. According to this theory, the aorta can simply be considered as containing two primary load-bearing fibers: elastin and collagen. Only the elastin fibers are taut in the low loading domain (see Fig. 2 , phase 1).
As 0 σ → and B B σ + ≈ , Young's modulus of elastin (E E ) is written from Eq. (1) in the following form:
The slope of the stress-strain curve increases gradually as collagen fibers start contributing to the load bearing when the tissue is stretched (see Fig. 2 , phase 2). All collagen fibers are considered recruited into the load bearing at a certain point prior to tissue failure. The slope of the final portion of the stress-strain curve corresponds to the combined total stiffness of the elastin and collagen fibers (see Fig. 2 , phase 3). We assume that y B σ << during phase 3, so that B σ σ + ≈ , and according to Eq. (1), E C can be written as
For detail: K is the inverse of (E elastin +E collagen ). This means that K is the inverse of the combined contribution to total tissue stiffness by the elastin and collagen fibers. A is the strain intercept of the final portion (phase 3) of the stressstrain curve (see Fig. 2 ). As shown by Raghavan et al. (1996) , A is inversely proportional to the rate of recruitment of the collagen fibers for a given strain rate, or directly proportional to the average degree of tortuosity of the collagen fibers in the tissue. A can be assume as the "recruitment parameter", the smaller the A, the faster the collagen fibers activate. B is the value of stress at the intersection of the lines defined by the linear responses in phase 1 and phase 3 (dashed and solid lines, respectively, see was nearly linear, and the response became nonlinear in the higher-stress range before becoming nearly linear again. For the axial test, the tissues showed non-uniform response at the four circumferential regions. For the circumferential test, the tissues indicated a relatively regular response in that posterior tensile curves always rise faster than others after the initial linear part. are shown in Figs. 6 and 7, respectively. For the axial tissues, the anterior collagen fiber modulus showed a significantly lower trend than that of the posterior quadrant at all the axial regions. The left quadrant also exhibited a significantly lower Ecollagen than the anterior and right quadrants at the proximal region. The distal posterior quadrant showed a special characteristic, which has a significantly lower Eelastin and a significantly higher stiffness at 0.1 MPa, than other quadrants. For circumferential tissues, the stiffness at 0.1 MPa for the posterior regions were always significantly higher than that of the other quadrants except at the mid-proximal region. fibers and the density of cross-linking (Shadwick et al., 1999) . The orientation of collagen fibers endows the aortic wall with an anisotropic material response. Our findings demonstrate that the circumferential tissue of the porcine thoracic aorta was significantly stiffer than the axial tissue at the low stress range (Fig. 6 and Fig. 7) , which is consistent with previous studies (Peña et al., 2015) . This trend is due to the elastin fiber network more toward to circumferential direction (Weisbecker et al., 2013) . The stretch-stress curves for the circumferential tissue is regular, i.e. posterior>right ≈left>anterior, which caused by the preferable distribution of the collagen fiber or elastin corresponding to the stress distribution. However, the curves for the axial tissues are not regular. As we known, the axial in situ stretch is dependent on arterial location in the aorta (Han et al., 1995; Peña et al., 2015) , and individuals have different intercostal arteries distribute form. These conditions may cause different axially stress distribution.
Circumferential variation of axial E collagen
To the best of our knowledge, the significant circumferential variation of the stiffness of axial collagen fibers along the aorta has not been reported. The results show that the highest value always appears in the anterior region and the lowest always appears in the posterior region (except the distal region) (Figs. 6 and 7) . In this paper, the biological factors affecting vascular growth are not considered. The reduced stiffness of the posterior longitudinally may be due to the effect of in vivo environment, i.e., the stress-growth relationship that the posterior of aorta was fixed by the intercostal arteries and the lower axial stress caused lower collagen and elastin orientate in axial direction. The thickness also affected by the stress growth relationship. Consist with Thubrikar and Kim, in the normal aorta, the wall thickness was highest in the anterior region and gradually decreased toward the posterior region
The Fung-type model provided reasonably accurate fits with all the mean curves with errors ε~0.036 and R
2~0
.993. Tab. 2 lists the material parameters of mean curves according to region. The results indicate both the axial and circumferential information. Data provided in this study were used as a reference for biomechanical engineers to optimize finite element modeling.
Discussion
In the present study, the circumferential variation in the mechanical properties of the porcine descending thoracic aorta was experimentally investigated. Through the uniaxial test, the circumferential and axial characteristics of four circumferential quadrants along the descending aorta were analyzed. Compared with existing data that were primarily obtained through inflation and nanoindentation tests, the spatial variations (16 regions) of the material properties were substantially improved. Simplified elastin and collagen fiber modulus and the maximum stiffness of the physiological range were calculated, where the collagen fiber modulus was difficult to obtain in inflation and biaxial experiments for young porcine due to the limited stretch range.
The passive mechanical behavior and anisotropic response
Similar to other studies (Peña et al., 2015; Pandit et al., 2005; Wang et al., 2006) , all regions of the DTA exhibited similar nonlinear behavior (Figs. 4 and 5) . Passive biomechanical properties of the aortic wall are determined mainly by elastin and collagen fibers. Generally, the linear behavior of the tissue in the low-pressure range is defined by the elastin fibers (Gundiah et al., 2007) , and the non-linear behavior in the high-pressure range is defined by the recruited collagen TABLE 2 Material constants obtained from the mean stress-stretch curves of regrouped tissues ( Fig. 3b) (Thubrikar et al., 2001; Kim and Baeck, 2011) . However, as the spine support and the dilation induces a simultaneous thinning of the aneurysm wall, the thickness distribution in the aneurysm region appears to be opposite. In proximal DTA, besides the posterior quadrant, the left quadrant also showed significantly lower axial collagen fiber stiffness than the other two quadrants (Fig. 6 ). This result is in agreement with the findings of Sokolis et al., (2015) that the maximal axial modulus of the medial and left quadrants is lower than that of the other two quadrants, where the medial quadrant of the ascending aorta is reinforced by the builtin pulmonary artery. This left quadrant axial softer trend at the proximal region may be due to the effect of the following secondary flow. Consequently, the left region tends to expand when the high transmural pressure occurs and aneurysms are more likely to occur in this area. This prediction was validated by the clinical data on 37 Stanford type A and 15 Stanford type B patients among 155 patients (Howard, Banerjee and Fairhead 2013) .
Circumferential variation of axial E elastin
The axial elastin modulus showed no significant difference between the four quadrants except at the distal region. However, Kermani et al., (2016) analyzed the region-specific axial toe modulus using the nanoindentation test and found the right quadrant is the most compliant part in axial indentation. Compared with these findings, the differences of the present study may be due to the scale of measurement, i.e., the passive response of the macro structure is affected by elastin and collagen fibers with their density, crosslinking, and orientation and the nanoindentation response of the micro structure may be affected by the local fiber arrangement.
Circumferential variation of circumferential tissues
The present study shows that the circumferential stiffness is significantly higher in the posterior region at physiological maximum stress (except in the mid-proximal region, as shown in Fig. 7) . This difference is due to the faster response speed of collagen fibers (see the significantly lower A in Tab. 1), where the elastin and collagen fiber modulus along the circumferential quadrants show no statistical difference ( Fig. 7 ; Tab. 1). The four quadrants at the mid-proximal region exhibited a similar passive response. Using inflation test, Kim and Baeck (2011) showed that the posterior region of the upper-half porcine DTA was significantly stiffer than the anterior in the circumferential direction, which is largely consistent with our findings. Interestingly, the distal posterior region showed significantly higher stiffness at physiological maximum stress in both directions. This phenomenon was also noted by Kim and Baeck (2011) . These characteristics and associated parameters are valuable references for biomedical engineers working on the design of vascular stents or on the development of improved treatment techniques.
SEF material constants
The porcine aorta is used as a model of the human aorta in various fields of cardiovascular research, and the young porcine thoracic aorta has shown good correspondence with human tissue aged <60 years (Hwl et al., 2018) . In this study, the porcine descending thoracic aorta was assumed to represent a young and healthy human aorta. The mean curves of each region were fitted. The corresponding Fung-type SEF material constants, as shown in Tab. 1, can serve as input data used by biomedical engineers in investigating advanced therapies and for advanced realistic computational modeling study.
Limitations
The findings of this study should be interpreted within the context of its limitations. In this study, we have assumed that the aortic wall is materially homogeneous although it has three distinct layers. Furthermore, a Fung-type strainenergy function was used to fit the mean curves, which requires further study on layer-specific mechanical tests and micro-structured constitutive models (Weisbeker et al. 2015) . Moreover, at the low stretch ratio of the stress-stretch curve, the smooth muscle and the elastin play a dominate role, and the contribution result from the unfolding of the crimpled elastin/collagen and the rotation of cross-linked elastin/collagen (Gasser et al., 2006; Chen et al., 2016) . At the high stretch ratio, the mechanical properties mainly rely on the tension of the after-straightened elastin/collagen. In this paper, the mechanism was simplified, where the collagen modulus was obtained using combined modulus directly minus the elastin modulus. And B+σ was simplified using B+σ≈σ. Finally, we assumed that the mean curves represented the passive response of the porcine thoracic aorta. However, the circumferential and axial data were obtained from different individuals.
Conclusion
In this study, uniaxially tensile experiments were conducted to test the mechanical properties of porcine DTA in the axial and circumferential directions. The porcine DTA were intensively studied, i.e. DTA were divided into 16 regions for tests. Fitted by a mathematical model, the difference in the axial and circumferential directions was given. The elastin and collagen fiber modulus and the stiffness at 0.1 MPa were also analyzed. Finally, Fung-type SEF material constants were fitted using the mean curves for further study. Compared with previous works, the present study systematically demonstrates the circumferential regional characterization of DTA and provides a possible reason for aneurysm development. Thus, the findings of this study may be a useful reference in biomedical engineering.
